Left ventricular (LV) mass relates positively and continuously to cardiac mortality and thus its regression is a rational therapeutic aim. Whilst the office blood pressure (BP) relates poorly to LV mass, it was unclear whether the 24-h ambulatory BP or the exercise systolic BP (ExSBP) was the stronger correlate of LV structural indices. We studied 49 hypertensive patients with a mean age of 45 (s.d. 12) years with a mean body mass index of 27.1(3.9) kg/m 2 . The mean (s.d.) of office BP, ambulatory BP and ExSBP measured at the end of the first three stages of Bruce protocol treadmill exercise I, II and III were 161(20)/99(10), 140(13)/89(10), 190(30), 198(30) and 201(33) mm Hg respectively. The LV indices measured echocardiographically were LV septal thickness (IVSd) (1.1(0.2) cm), LV posterior wall thickness (LVPWd) (1.0(0.1) cm) and LV mass indexed to body surface area (LVMI) (123(30) g/m 2 ). Age and gender (male) had the highest correlations with the LV indices. Of the BP measures, the stage II ExSBP's correlation with the LV indices was consistently higher than all other ExSBP, office systolic BP and 24-h systolic ambulatory BP. In a stepwise multiple regression analysis on IVSd, after adjusting for age and gender, the stage II ExSBP was independently associated with IVSd ‫؍␤(‬ 0.018 (s.e. 0.008), P ‫؍‬ 0.024). When only BP measures were considered as explanatory variables only stage II ExSBP was a significant predictor (P ‫؍‬ 0.0001) of IVSd as was the case with LVPWd (P ‫؍‬ 0.006) and LVMI (P ‫؍‬ 0.0008). Submaximal exercise BP measured at a workload comparable to physical activity encountered in daily life correlated more closely with the left ventricular wall thickness and mass. The exercise BP should perhaps be normalised in hypertension management to optimise regression of LV hypertrophy. Journal of Human Hypertension (2001) 15, 627-633 Exercise blood pressure and left ventricular hypertrophy PO Lim et al 628 Journal of Human Hypertension Exercise blood pressure and left ventricular hypertrophy PO Lim et al 632 Journal of Human Hypertension
Introduction
Left ventricular hypertrophy (LVH) is a potent cardiac risk factor in hypertensive subjects. This risk has recently been shown to be continuous, that is, the greater the left ventricular (LV) mass, the higher the risk for adverse cardiac events, 1 not unlike the risk of cardiac death accorded by the blood pressure (BP). 2 Regression of LVH may thus be a logical aim of antihypertensive therapy in the short-term. 3 Unfortunately, standard office BP (OBP) assessment does not relate well to LV mass, 4 and in some patients with apparently well-controlled OBP, LVH may either persist 5 or continue to increase. 6 In contrast, the 24-h ambulatory BP (ABP) is a better predictor of LV mass and cardiac mortality than OBP. 7, 8 Another potentially useful BP measure is that obtained during an exercise, the exercise systolic BP (ExSBP) which has been shown to be of greater prognostic value than OBP and also a better predictor of LV mass in most but not all studies. 9 These conflicting results may be due to the differing exercise intensities used in these studies. 10 We undertook to compare the association between LV wall thickness and LV mass index (LVMI) with OBP, ABP and ExSBP at different workloads in a group of untreated hypertensive patients.
Patients and methods

Patients
Patients were recruited from those referred to our regional hypertension clinic and assessed at least 7 days off medication if on treatment. Patients who were included in this study were all sedentary but without physical limitation for exercise. Those with ischaemic and cerebrovascular diseases or with previous accelerated hypertension where drug treatment could not be safely discontinued were excluded. Patients with echocardiographic evidence of valvular heart disease were also excluded, as were those with exercise electrocardiographic cardiac ischaemia. This study had the approval of the Tayside committee on research medical ethics.
Blood pressure assessments
Office blood pressure: OBP was defined as the mean of three seated BPs measured within 5 min after a rest of at least 2 min by research nurses in accordance to the guidelines of the British Hypertension Society using a standard mercury sphygmomanometer. 11 Ambulatory blood pressure: Each subject underwent 24-h ABP monitoring using an oscillometric device (Spacelabs 90207, Redford, WA, USA) on an active day. The device was programmed to measure BP every 15 min during the daytime and at half hourly intervals during night time, daytime being defined as the period between 08.00 to 22.00.
Exercise blood pressure: A treadmill exercise using the Bruce protocol was performed in each subject. ExSBPs were obtained manually using a simple mercury sphygmomanometer at the end of the first three stages of treadmill exercise test corresponding to workloads of 4.7 (ExSBP 1), 7.1 (ExSBP II) and 10.2 (ExSBP III) metabolic equivalents (METs).
Echocardiographic examination: Each subject also underwent echocardiographic examination conducted by a single operator (CM) using a Hewlett Packard Sonos 1000 (Hewlett Packard, Andover, MA, USA). Intraventricular septal thickness in diastole (IVSd) and LV posterior wall thickness in diastole (LVPWd) were measured from M-mode measurements obtained at the level of the papillary muscles in the short-axis view. 12 These parameters were measured in triplicate and averaged over three cardiac cycles. LVMI was calculated indexed to body surface area. 13 Echocardiographic LVH was considered present if LVMI was Ͼ134 g/m 2 in males and Ͼ110 g/m 2 in females. 14 In our hands, the intraobserver coefficients of variation of the LV indices were 7.9%, 11.9% and 13.7% for IVSd, LVPWd and LVMI respectively.
Statistical methods
Data on continuous variables were tabulated as means and standard deviations. Categorical variables were tabulated as percentages along with their numerators. Initially the correlation of the OBP, ExSBP and 24-h systolic ABP [15] [16] [17] and other variables were tabulated with the outcome variables of IVSd, LVPWd and LVMI using Pearson correlations.
The relationships between BP measurements and age, gender, body mass index (BMI) and IVSd, LVPWd and LVMI were then assessed in a multiple linear regression. In addition, multiple linear regression was also carried out with only the BP variables as explanatory variables. In assessing predictors in the regression model variables were entered according to the amount of variability explained (R 2 ). Those BP measures which explained the greatest variability and hence had the highest correlation with the LV indices would enter first. In order to test the assumption of normality for the outcome in the regressions the studentised residuals were plotted against the predicted outcomes. Linear relationships were assumed for predictors. All statistical analyses were carried out using SAS (version 6.12). 
Results
General characteristics
Univariate correlation analyses
Initially correlations were estimated using the Pearson method ( Table 1 ). The highest correlations of the LV indices were with age. Males also had consist- ently and significantly higher measures. All BP measures but stage III ExSBP were significantly positively correlated with LV indices with the highest correlation to be found with stage II ExSBP ( Figure  1 ). There were also highly significant collinearities between age and systolic OBP (r ϭ 0.551, P Ͻ 0.001), stage I ExSBP (r ϭ 0.578, P Ͻ 0.001) and stage II ExSBP (r ϭ 0.510, P Ͻ 0.001). Gender did not relate to any of the BP measures.
Multivariate regression analyses
Variables were entered in a stepwise procedure in the multiple linear regressions. In the multiple linear regression on IVSd, after adjusting for age and sex, the stage II ExSBP was independently associated with IVSd with an adjusted R 2 of 45.5% for the model ( Table 2 ). When only BP measures were considered as explanatory variables only stage II ExSBP was a significant predictor (P ϭ 0.0001).
In the multiple linear regression on LVPWd only age (+10 years, ␤ ϭ 0.051 (s.e. 0.012), P ϭ 0.0001) and gender (male vs female, ␤ ϭ 0.178 (s.e. 0.030), P ϭ 0.0001) entered the model. When only BP measures were considered as explanatory variables, stage II ExSBP was significantly associated with LVPWd (P ϭ 0.006).
In the multiple regression on LVMI, following significant independent associations with age (+10 years, ␤ ϭ 10.588 (s.e. 2.986), P ϭ 0.001) and gender 
Discussion
The main finding of this study was that BP measured during a sub-maximal exercise was a better predictor of LV wall thickness and LVMI than OBP, 24-h ABP and BP measured at a higher level of exercise. We have also confirmed what is well known that age and gender are major determinants of the LV indices 18, 19 suggesting that our study patients were representative of the wider hypertensive population. Since the primary aim of the present study was to compare the strengths of correlation between different measures of BP with LV indices, we felt it appropriate to attach more significance to multiple regression models where only these BP measures were used as predictors. Age in particular is a very powerful determinant of most surrogate or outcome variables and has the tendency to dilute the effects of collinear factors, in this study, the ExSBP. This age effect on the ExSBP has been similarly observed by others. 19 This is not surprising since age is in reality a function of the duration of any biological system being exposed to adverse factors. Also, the peripheral vascular compliance decreases with age, thus increasing the systemic vascular resistance (SVR), and the ExSBP could be a better marker of this aspect of the ageing process (see below). Equally important, the IVSd had the best reproducibility meaning that it was the most accurately measured index, and stage II ExSBP again was its best predictor over other BP measures, even after adjusting for age and gender.
An increased LV wall thickness in hypertension is a physiological adaptation by the heart attempting to reduce wall stress as suggested by the Laplace equation, 20 which states that wall stress equals to (BP × radius)/(2 × wall thickness). Hence, the progression to concentric LVH is designed to reduce wall stress to prevent cardiac dilatation and to preserve LV systolic function. The maximum LV wall stress occurs during systole and this is the reason why the systolic BP is a stronger determinant of LV mass than the diastolic BP. This finding is fairly uniform regardless of the method utilised to measure BP, whether this is done in the office, during exercise or over 24 h with ambulatory techniques. 21 Previous studies have reported that the significant correlation coefficients between LV mass and systolic OBP are between 0.29 to 0.48 ( Table 3 ). The ExSBP consistently appeared to be a stronger correlate with significant r-values between 0.39 to 0.58. 9, 21 Papademetriou et al 22 reported that submaximal treadmill ExSBP was the best predictor of LV mass with a r-value of 0.479, P ϭ 0.04, a finding similar to ours. Comparisons between 24-h systolic ABP and systolic OBP in correlating with LV mass have been made by others, with 24-h systolic ABP emerging as the stronger correlate than systolic OBP with r-values of 0.38 to 0.81 against 0.10 to 0.60. 21 The predictive value of 24-h systolic ABP has been consistent compared to the daytime and night time systolic ABP or diastolic ABP. 21, 23 Its use in addition obviates the need to arbitrarily define the daytime period which varies between patients.
Few studies have assessed the relative strengths of correlation between exercise BP and ABP with LV mass. Hitherto, one study was in favour of the exercise BP 24 whilst two studies were against. 10, 25 None of these studies however assessed the submaximal exercise BP (see below) (Table 3 ). Grossman et al 25 suggested that the BP load obtained from ABP was the best predictor of LVMI. Unfortunately, this conclusion is unsafe because there was clear evidence of digit preference in both office and exercise BP readings in this report compromising the accuracy of these measures. Furthermore, the BP load data in this study might not be normally distributed to jus-tify parametric statistical analyses. In theory, the 24h systolic ABP which more accurately measure the BP load on the heart should be the strongest correlate of the LV indices. This would however assume that the BP load is the only major modifiable pathophysiological determinant of these indices. In contrast, the submaximal exercise BP as a measure of 'active' BP is a composite index which is dependent on three major determinants, the LV systolic function, the SVR and the exercise heart rate which to a large extent is controlled by the autonomic nervous system. In subjects with normal LV systolic function, the latter two factors might be more relevant at least at a submaximal exercise level. Firstly, a progressive rise in SVR with time (age) is pathognomonic of hypertension, coupled with an impaired peripheral vasodilatory capacity during exercise 26 which predisposes to high afterload during daily physical and mental activity and hence the need for compensatory LVH to cope with the increased LV wall stress. Interestingly, the traditional coronary risk factors such as hypercholestrolaemia and hyperinsulinaemia are associated with higher submaximal ExSBP. 27 These are factors which are also well known to impair the vascular endothelial function raising the possibility that the blunted exercise vasodilatory capacity seen in hypertensives may be due to endothelial dysfunction. Another factor, excess salt intake, is also associated with an increased LV mass 28 and impaired LV diastolic function. 29 It is likely that salt plays a part in maintaining a raised SVR in susceptible hypertensives. 30 Secondly, inappropriate aldosterone activity as represented by a raised aldosterone-to-renin ratio is a determinant of ExSBP in hypertension. 31 This is relevant because hyperaldosteronism is associated with disproportionate LVH over and above that which could be attributed to a raised OBP. 32 Thirdly, autonomic imbalance favouring sympathetic overactivity is associated with an increased LV mass 33 and this might be reflected in high submaximal ExSBP due to an enhanced chronotropic effect in response to exercise (also early vagal withdrawal). Importantly, there is a direct and intimate link between sympathetic activity and the activation of the renin-angiotensin system. Sympathetic overactivity increases the production of angiotensin II which is a potent vasoconstrictor raising the SVR and it also has an independent hypertrophy effect on the heart. 34 Thus there are a whole host of reasons why the ExSBP as a marker of other 'BP-independent LVH factors' should be a better predictor of LV indices than other BP measures.
A study reported by Kop et al 35 involving 36 normotensive volunteers reported that systolic BP response to mental stress was the best predictor (including ABP), and an independent predictor of the LV mass, further supporting our contention that the BP response to daily life activity might be of pathophysiological significance in hypertension. 4 Our observations may help to explain why excess Journal of Human Hypertension mortality persists in apparently well-controlled hypertensives, where drug treatments were adjusted according to OBP. 36 We have previously reported that up to a third of treated hypertensives with 'controlled' OBP continue to exhibit uncontrolled levels of BP during a 3-min step test. 37 Indeed, the prognostic value of the submaximal ExSBP as a better predictor of cardiac death than OBP has been confirmed in a few large retrospective studies, [38] [39] [40] and a prospective study is currently on-going. 41 Furthermore, the ExSBP is a better marker than OBP in defining sustained hypertension 42 and we have also recently reported that apparently healthy hypertensives with a raised ExSBP had prolonged maximum heart rate corrected QT interval independent of LV mass. 43 The implication of our findings is that more attention should perhaps be given to ExSBP to help with risk stratification and as a modifiable risk factor in hypertensive patients.
Maximal vs submaximal exercise blood pressure
There might be some bias against stage III ExSBP in this study as 12 subjects did not complete the stage III Bruce treadmill protocol. On theoretical ground however, maximal exercise BP is critically dependent on the workload and the duration of exercise. More importantly, it does not reflect BPs encountered in daily life since few if any individual maximally exerts himself during the course of the day. Hence it has little biological relevance in comparison to BP measured at a lighter exercise workload which could be reliably measured noninvasively 9 and provides an indication of the level of 'active' BP during the day. 42 In contrast, it is difficult to know how best to define the maximal ExSBP, whether it is the highest BP reached during exercise, BP measured as an exercise is being terminated or immediately after stopping exercise. These distinctions were rarely made clear in previous studies. The above reasons might explain why the submaximal ExSBP's association with LV indices is consistently greater than OBP's, 22, 44, 45 but this is not the case with maximal ExSBP. 25, 46 It should also be borne in mind that very high ExSBP can develop even in athletes, but what is more important is that the rate of BP rise with respect to workload nonetheless is usually blunted in these individuals because of an increased vagal tone. 47 In other words, athletes have lower BPs during submaximal exercises.
Conclusion
Submaximal exercise systolic BP measured at a workload comparable to physical activity encountered in daily life correlated more closely with the left ventricular wall thickness and mass. The exercise systolic BP should perhaps be normalised in hypertension management to optimise regression of left ventricular hypertrophy in at-risk hypertensive individuals.
